



























































proyecto de  fisioterapeuta  y enseñarme  desde un  inicio a valorar  cada paso. Ya han 
pasado 10 años desde aquella primera clase y es una suerte poder considerar amigo y 
compañero a quién comenzó como profesor y referente.  




A  Jose  Casaña  Granell,  por  su  ayuda  continua  a  lo  largo  de  estos  años  y 
numerosos consejos. Son muchos los proyectos compartidos hasta  la  fecha y  todo lo 
aprendido de ellos. Aquella relación que comenzó hace años con un TFG, hoy suma un 
nuevo episodio. 







































































































con  el  fin  de  conocer  tanto  su  componente  anatómico  como  fisiológico  (Sanger  & 
Sanger,  2014).  En  relación  al  componente  anatómico,  su  estudio  ha  abordado  por 
ejemplo la arquitectura muscular tanto en cadáveres (Kumazaki, Ehara, & Sakai, 2012) 
como  en  población  sana  y  patológica  (Giles,  Webster,  McClelland,  &  Cook,  2015; 
Noorkoiv,  Stavnsbo,  Aagaard,  &  Blazevich,  2010).  Por  otra  parte,  el  examen  de  la 
fisiología muscular ha profundizado en las distintas funciones del músculo, entre ellas y 
como principal, la contracción muscular y los derivados de ésta.  
La  contracción muscular  es  la  base  del  rendimiento muscular, entendiéndose 
éste como la capacidad de un músculo o grupo de músculos para generar fuerzas con el 
fin de producir, mantener  y modificar posturas y movimientos,  que  son  un  requisito 
previo para la actividad funcional (American Physical Therapy Association, 2003). Entre 
las  propiedades  del  músculo  que  se  relacionan  con  el  rendimiento  muscular  se 
encuentran la fuerza, la potencia, la resistencia, el reclutamiento y la longitud (American 
Physical  Therapy  Association,  2003).  Para  evaluar  y  cuantificar  la  fuerza,  se  han 
propuesto múltiples métodos, clasificados según el  tipo  de  fuerza  que evalúan.  Para 
evaluar  la  fuerza  isométrica,  existen  dinamómetros  fijos  o  de  mano  que  permiten 
obtener  la  fuerza  en  un  determinado  punto  del  recorrido  articular,  y  de  ese modo, 
conocer  en  ese  momento  angular  los  kilogramos  o  newtons  generados  por  la 
musculatura de la articulación (Bohannon, 1997; Chamorro, Armijo-Olivo, De la Fuente, 
Fuentes, & Javier Chirosa, 2017). Para movimientos dinámicos, el método generalizado 
es  la  cuantificación de  la  carga  desplazada  en un movimiento  determinado,  bien  en 
gestos donde  solo  intervenga  un músculo  (Guex,  Daucourt, &  Borloz,  2015), bien  en 









determinan  la  potencia  conociendo  la  velocidad  de  ejecución  y  la  carga  movilizada 
(Orange et al., 2018). En cuanto a la resistencia muscular,  los métodos que la evalúan 
suelen buscar cuantas  repeticiones de un  determinado gesto es capaz de  realizar  un 




músculo  (Dideriksen,  Muceli,  Dosen,  Laine,  &  Farina,  2014).  La  activación  muscular 
evaluada mediante la electromiografía de superficie es el método generalizado que se 




una óptima  longitud muscular con  la  capacidad de  generación de  fuerza  (Ruas et al., 







evaluar  analíticamente  la  rigidez  de  vientres  musculares  han  sido  propuestas  otras 
herramientas  como  el  myometer  o  la  tensiomiografía  (TMG),  que,  mediante  la 
deformación  radial  del  músculo,  son  capaces  de  medir  indirectamente  la  rigidez 
muscular (Ditroilo, Hunter, Haslam, & De Vito, 2011; Pisot et al., 2008). 
El examen de cada una de estas  propiedades con sus  respectivos métodos de 
evaluación  ha  sido  propuesto  con  diferentes  fines  y  utilidades.  En  el  ámbito  del 










Del  mismo  modo,  la  monitorización  de  estas  propiedades  musculares  también  es 
utilizada  en  el  deporte  para  evaluar  cambios  en  éstas  y  determinar  qué  tipo  de 
entrenamientos e intervenciones influye en mayor o menor grado en ellas (K. Beattie, 
Kenny,  Lyons,  &  Carson,  2014;  Fieseler  et al.,  2015;  Kildow,  Wright,  Reh,  Jaime,  & 
Doberstein, 2019; Speranza, Gabbett, Greene, Johnston, & Sheppard, 2017). En cuanto 
al  ámbito  clínico,  la  evaluación  de  las  propiedades musculares  se  han  utilizado  para 
conocer la condición del paciente, como por ejemplo, el examen de la fuerza muscular 
en  rehabilitación  postquirúrgica  (Blackburn  &  Norcross,  2014)  o  en  patologías 
articulares  (Hilberg,  Herbsleb,  Puta,  Gabriel,  &  Schramm,  2003;  Magalhães,  Silva, 































riesgo  de  lesión mayor.  De  manera  similar,  las  diferencias  sexuales  en  la  activación 
muscular (Bencke & Zebis, 2011; Ebben et al., 2010; Hannah, Folland, Smith, & Minshull, 
2015;  Krishnan,  Huston,  Amendola,  &  Williams,  2008),  rigidez  (Blackburn,  Riemann, 
Padua, & Guskiewicz, 2004; Kevin P. Granata et al., 2002; Wang, De Vito, Ditroilo, Fong, 
&  Delahunt,  2015)  o  velocidad  de  contracción  (D.  Rodríguez-Ruiz  et al.,  2014;  David 











nuevo  esfuerzo  en  situación  de  fatiga  como  test  de  fuerza  (Abbaszadeh-Amirdehi, 
Khademi-Kalantari, Talebian, Rezasoltani, & Hadian, 2012) o potencia en salto (Raeder 
et al., 2016). De este modo, la pérdida de fuerza o potencia, cambios en la activación 
muscular  (Garrandes,  Colson,  Pensini,  Seynnes, &  Legros,  2007;  Thorlund, Michalsik, 
Madsen,  &  Aagaard,  2008)  o  alteraciones  biomecánicas  (Liederbach,  Kremenic, 
Orishimo,  Pappas,  & Hagins,  2014;  Tam  et al.,  2017b)  son  factores  que  indicarían  la 












(VL)  y  Vasto  Medial  (VM)]  y  dos  de  los  isquiotibiales  [Bíceps  femoral  (BF)  y 
Semitendinoso (ST)]. 


















experimental  fue  aprobado  por  el  Comité  de  Ética  de  la  Universidad  de  Valencia 
(H1485963491056). 
El segundo estudio siguió un diseño pre-post en el cual se realizaron mediciones 
de  TMG  y  fuerza  antes  y  después  de  una  intervención  de  fatiga.  Treinta  y  nueve 































relacionado  con  el  tipo  de  fibra muscular  (rápidas/lentas)  (Rusu  et al.,  2013).  Otros 
parámetros temporales, pero menos utilizados que el Tc son el tiempo de retardo (Td), 
el cual es el tiempo que tarda  la estructura muscular en alcanzar el 10% de la Dm; el 
tiempo  de  media-relajación  (Tr),  el  cual  es  el  tiempo  en que  la  respuesta muscular 






cual  surge de relacionar el Td con el 10% de  la Dm. Por último, y  con el  fin de poder 


















los vientres musculares de  los  cuádriceps e  isquiotibiales que  iban a ser examinados. 
Para  ello,  la  piel  fue  rasurada  y  limpiada  con  una  gasa  impregnada  en  alcohol. 










flexión.  La  flexión  en  ambas  posiciones  se  estabilizó  utilizando  un  cojín  de  espuma 
triangular. 














También  se  registró el  tiempo necesario para  obtener  la Dm de  cada vientre 
(Simunič et al., 2011; Valencic & Knez, 1997), tanto el Tc como Td, y así, calcular la VC y 
V10.  Además,  se  calculó  la  Vrn  de  cada  vientre.  Este  parámetro  relaciona  el 






(1)      = ∆   ∆  ⁄      (   ∗  
  ) 
(2)              ⁄ = (∆   ∆  )⁄   ⁄       (   ∗  
  /  )         
(3)        0.8/            (   ∗  
  ) 
Este proceso de normalización de la velocidad de contracción ha sido propuesto 
para  poder  comparar  valores obtenidos  entre  diferentes músculos  (Valencic &  Knez, 
1997).  
A  parte  de  las  mediciones  con  la  TMG,  en  el  segundo  estudio  se  realizaron 
mediciones de la fuerza de los cuadriceps y una intervención para generar fatiga en los 
mismos.  
Para  las mediciones de  fuerza,  se utilizó  el  dinamómetro de mano MicroFET2 
(Hoggan Health Technologies  Inc.,  Salt Lake City, UT). Con los  sujetos sentados en un 
dinamómetro isocinético (Prima Plus, Easytech, Italy) para ser estabilizados, se evaluó la 
máxima contracción isométrica voluntaria (MCIV) de los cuadriceps a 90º de flexión de 
rodilla.  El  dinamómetro  manual  fue  fijado  con  un  cinturón  rígido  al  isocinético  y 
perpendicularmente a  la tibia, 2 cm por encima del maléolo y con una almohadilla de 







rodilla.  Cada  participante  completó  tres  MCIV  de  5  segundos  con  60  segundos  de 
descanso entre  repeticiones. Se proporcionó estimulo verbal a  los  participantes para 
que realizaran el máximo esfuerzo posible.  
Por  otra  parte,  tras  realizar  las  mediciones  basales  de  TMG  y  MCIV,  los 
participantes  realizaron  un  test  de  fatiga  de  los  cuadriceps.  Este  test  consistió  en 












Las  diferencias  entre  sexos de  la Dm y Vrn de cada  vientre  fueron analizadas 







en  un  modelo  de  regresión  lineal.  Se  usó  el  sexo,  peso  y  altura  como  variables 
independientes  y  la  Dm  o  Vrn  como  variable  dependiente.  La  significación  fue 
establecida en p<0.05.  
Por otra parte, examinamos  relaciones entre  la Dm de  los  diferentes vientres 
dentro de cada sexo. Mediante la Prueba T para muestras relacionadas, se analizaron 
diferencias por pares de vientres entre la Dm de todos ellos o entre los ratios calculados 











usando  una  Prueba  T  para  muestras  relacionadas.  Esos  cambios  también  fueron 
comparados entre sexos mediante una Prueba T para muestras independientes.  
La sensibilidad al cambio interna, que es la habilidad de una medida en cambiar 
en  un  periodo  de  tiempo,  fue  determinada  mediante  una  Prueba  T  para  muestras 
relacionadas  y el  tamaño  del  efecto  (Husted,  Cook,  Farewell,  & Gladman,  2000).  La 
respuesta media estandarizada (RME) fue el estadístico utilizado para analizar el tamaño 
del  efecto,  el  cual  proporciona  una  estimación  de  la  magnitud  de  cambio  sin  estar 
influenciada por el tamaño de la muestra (Navarro-Pujalte et al., 2018). Los valores de 
la  RME  son  clasificados  en  pequeños  (0,20-0,50),  moderados  (0.51-0.80)  o  grandes 
(>0.80)  (Husted et al., 2000). Además,  calculamos  el  porcentaje  de  participantes que 
superaron el MCD. 
La sensibilidad al  cambio externa, que  refleja el cambio de una medida en un 




fueron utilizadas para  relacionar  cambios entre  los parámetros  TMG  y cambios  en  la 
MCIV,  y  las  curvas  ROC  fueron  utilizadas  para  discriminar  entre  participantes 
fatigados/no  fatigados. Un área debajo de  la curva (AUC) >0,70 se utilizó como valor 






Las  comparaciones  entre  sexos de  la Dm mostraron  en un primer  análisis  sin 
ajustar que el BF y RF tuvieron una mayor Dm en mujeres que en hombres, y por ello, 
una  menor  rigidez  muscular.  Sin  embargo,  en  el  análisis  ajustado  por  las  variables 
antropométricas, el RF fue el único vientre en mostrar una menor rigidez en las mujeres.  
Por  otra  parte,  en  las  comparaciones  dentro  de  cada  sexo  entre  los  vientres  de  los 
isquiotibiales mostraron en ambos sexos que el ST tenía una Dm mayor que el BF, y por 
lo cual, una menor rigidez. Dentro de los cuadriceps, el RF mostró ser menos rígido que 
los vastos  en ambos  sexos.  Por último,  los  vastos mostraron  ser más  rígidos que  los 
isquiotibiales en las mujeres y únicamente más rígidos que el ST en los hombres.  
Las  comparaciones  entre  sexos  de  la  Vrn  sin  ajustar  mostraron  únicamente 




hombres  frente  a  las  mujeres.  En  contra,  los  ratios  dentro  de  los  cuadriceps  no 
mostraron diferencias entre sexos. Por otra parte, en los ratios que relacionaron al BF 
con los tres vientres de los cuadriceps, existieron valores significativos menores en todos 




TMG,  sin  diferencias  para  ninguno de  ellos  entre  sexos.  Todos  los parámetros TMG, 
excepto el Tc del RF y VM, tuvieron diferencias significativas entre los valores basales y 



















2.  Hombres  y  mujeres mostraron  un  patrón  similar  en  la  rigidez muscular  y 
velocidad de contracción de los vientres de los cuadriceps e isquiotibiales. Por una parte, 
los vastos son más rígidos que el RF, y el BF, especialmente en los hombres, que el ST. 
Por  otra  parte,  la  velocidad  de  contracción  de  los  cuadriceps  es  mayor  que  los 
isquiotibiales, siendo más pronunciada en las mujeres las diferencias entre cuadriceps y 
BF. 
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ABSTRACT
Martı́n-San Agustı́n, R, Benı́tez-Martı́nez, JC, Medina-Mirapeix,
F, and Casaña-Granell, J. Sex differences and patterns of mus-
cle stiffness in the knee flexor and extensor musculature
through analysis of isolated bellies. J Strength Cond Res XX
(X): 000–000, 2018—Muscle stiffness (MS) is one of the key
factors in joint control. The purpose of this study was to deter-
mine sex differences in the MS of 5 isolated muscle bellies
(biceps femoris [BF], semitendinosus [ST], rectus femoris
[RF], vastus medialis [VM], and vastus lateralis [VL]) and in
the pattern of differences among their respective MS. Twenty
female and 20 male recreational athletes participated. Muscle
stiffness was measured by tensiomyography using maximum
radial deformation (Dm) as an indirect indicator of MS. Sex
differences were observed only in the Dm of RF (mean differ-
ence = 2.07 mm, p , 0.05) when values were adjusted by
body mass and stature. Males and females showed a similar
pattern in the Dm between the muscle bellies: within the ham-
strings, ST had a significantly higher Dm than BF in females
(3.02 mm) and males (4.28 mm); within the quadriceps, RF
also had a significantly higher value than VL and VM in females
(6.50 and 7.38 mm, respectively) and males (4.87 and
4.82 mm, respectively). Sex differences in patterns were found
between BF and the vastus muscles: the BF of females had
a significantly higher Dm than VL (3.78 mm) and VM (4.51
mm), but this was not observed in males. Differences may imply
different involvement of the bellies in countering the move-
ments of the lower extremities. Our results can help to direct
exercises to improve the MS in certain muscular bellies.
KEY WORDS muscular stiffness, knee joint, tensiomyography
INTRODUCTION
M
uscle stiffness (MS) is defined as the change in
passive resistance to the lengthening of a mus-
cle in relation to its change in length (13). A
number of recent reports suggest there are sex
differences in the MS of human skeletal muscle (7). In gen-
eral, females are less rigid than males with regard to the
quadriceps femoral (QF), hamstring (HM) (14,26), and the
lateral gastrocnemius (21). Considerable evidence exists in
relation to factors that explain sex differences in MS (4).
These factors are mostly related to morphological aspects,
such as muscular mass (32), the presence of stable cross-
bridges within the muscle (23), the amount of connective
tissue (24) and titin (13,31), and also the geometry of the
muscle and its cross-sectional area (12). These sex differen-
ces are thought to be a potential factor contributing to the
higher risk of knee injury in females when compared with
males (14,31). In this sense, it has been suggested that the
lower MS of females may lead to alterations in knee joint
stability because of decreased potential of the HM as a pro-
tective mechanism of the anterior cruciate ligament when
countering the anterior displacement of the tibia (3).
Research on sex differences in MS have been focused on
the QF and HM because of their importance in control of
the knee. Usually, MS measurements of these 2 muscle
groups have been taken globally on all of their muscle bellies
as a whole by means of an accelerometer during a flexion
and extension test (14). However, this methodological
approach does not provide analytical information about
the MS of muscle bellies. Although there are several instru-
ments that allow for isolated MS measurements (e.g., myo-
meter, tensiomyography [TMG]) (10,22,26), there is few
literature that analyzes differences between sexes in isolated
muscle bellies (26,31). These instruments measure radial
deformation as an indirect indicator of MS (8,18,26). Thus,
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for example, TMG uses a displacement sensor to measure
the maximum radial deformation (Dm) of the muscle belly,
with greater values representing a decrease in MS (22).
To the best of our knowledge, only 2 studies have
compared the MS of isolated muscle bellies of the thigh
between sexes (26,31). Nevertheless, these studies analyzed
either the biceps femoris (BF) (26) or vastus lateralis (VL)
(31) and therefore, we do not know whether there are sex
differences in the MS of other isolated bellies or in the pat-
tern of differences between the MS of those bellies.
To investigate these issues, we examined the MS of 5
isolated muscle bellies from HM (BF and semitendinosus
[ST]) and QF (rectus femoris [RF], vastus medialis [VM],
and VL) using TMG in females and males of similar age and
physical activity level. The purpose of this study was to
determine sex differences in the MS of 5 isolated muscles
bellies (BF, ST, RF, VM, and VL) and in the pattern of
differences among their respective MS. With this informa-
tion, strength and conditioning programs could be more
precise to manage MS differences and thus the purpose of
injury prevention strategies. We hypothesized that there are
sex differences in the MS of isolated bellies, but that they
decrease when adjusted for body mass and stature. In this
line, we also hypothesized that females and males have
a similar pattern of differences between the MS of bellies
from HM and QF.
METHODS
Experimental Approach to the Problem
We used TMG to measure Dm of the muscle belly and used
this parameter as an indirect indicator of MS, where a higher
mean Dm represents less MS (22). Participants were in-
structed before taking measurements to comply with the
following guidelines (25): (a) not to participate in any stren-
uous exercise in the 48 hours before the test, (b) not to
consume any energy drink or supplement 48 hours before
the test, (c) not to consume caffeine or alcohol 3 hours
before test, and (d) not to consume food 2 hours before
the test. Before the measurements, the participants were
asked if they had fulfilled all the guidelines.
Subjects
Twenty female (mean 6 SD: age: 20.5 6 2.03 years, body
mass: 54.25 6 5.0 kg, and stature: 164 6 0.06 cm) and 20
male (age: 21.0 6 1.97 years, body mass: 75.25 6 10.6 kg,
and stature: 179 6 0.08 cm) recreational athletes were eval-
uated, all of them volunteers from the University of Valencia.
All participants performed exercise ;3 times per week and
practiced activities such as running, swimming, cycling, or
general strength training. The specific inclusion criteria
were: (a) aged between 18 and 30 years, (b) not surgically
operated on the lower limb, (c) without pain in the lower
limb in the 2 months before data collection, (d) performing
physical exercise a minimum of 2 days per week, and (e) able
to provide written informed consent. The exclusion criteria
were: (a) practicing a specific sport as an amateur or pro-
fessional, (b) contraindication to the use of electrodes due to
injury or allergy to the adhesive, and (c) nontolerance to
electrical stimulation.
Participants were physiotherapy students recruited by
mail using the internal network of the University of Valencia.
Before being included, they were informed about possible
risks and benefits of the project and signed their informed
consent. The experimental protocol was approved by the
Ethics Committee of the University of Valencia (Spain)
(H1485963491056). Data collection was cross-sectional and
performed between February and March of 2017 in the
clinical research laboratory of the Department of Physio-
therapy (University of Valencia).
Procedures
First, with the participants at rest on a stretcher and the skin
of the area to be tested shaved and cleaned with alcohol-
soaked gauze, the position of the TMG sensor and of the
respective electrodes were marked. The positioning of the
sensor was determined following the anatomical criteria
used in previous studies (8,9,25,28,29), and the position of
the 2 self-adhesive electrodes was symmetrically equidistant
at a distance of 5 cm from the sensor, the anode and, distally,
the cathode.
The measurement protocol measured muscular radial
deformation according to the procedure that has been used
previously by several authors (1,2,20,25,27). The measure-
ments were performed with the muscles at rest, in supine
position with the knee held at 1208 of flexion (with 1808
being complete extension) for the muscle bellies of the QF
(Figure 1), and in prone position with 1508 of flexion for the
HM, maintaining a fixed angle with a triangular foam cush-
ion. Muscular radial deformation was measured perpendic-
ular to the muscle belly with a Trans-Tek Dc-Dc digital
Figure 1. Measurement by tensiomyography of the rectus femoris (belly
of the quadriceps femoris).
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transducer (GK 40; Panoptik d.o.o., Ljubljana, Slovenia) at
the positions marked previously.
Electrical electrostimulation, applied by a TMG-100
System (TMG-BMC doo, Ljubljana, Slovenia), was per-
formed with a pulse of 1 ms and with an initial amplitude of
50 mA, increasing progressively by 10 mA until there was no
increase in the Dm or until reaching 110 mA as previously
described (1). This maximum response was typically
achieved between 40 and 70 mA (17). Rest periods of 10
seconds were guided between consecutive measurements
to minimize fatigue or potentiation effects (18). Two meas-
urements were performed per muscle, one to verify the oper-
ation of the TMG and the second as data acquisition for the
study.
Statistical Analyses
Participant characteristics are presented as mean values and
SDs. Muscle deformity measurements are presented as
mean, SD, and 95% confidence intervals (CIs). Variables
were checked for normality with the Kolmogorov-
Smirnov test and for homogeneity of variances with Lev-
ene’s test.
To study sex differences in each muscle belly, unpaired t-
tests were used to compare deformity mean differences
between females and males. Cohen’s d was also calculated
to evaluate the effect size (d , 0.1 small, around 0.3 medium,
and .0.5 large). In addition, for each muscle belly with sig-
nificant differences, we calculated the percentage increase or




we also compared mean differences adjusted by anthropomet-
ric variables (bodymass and stature) by linear regression models
using sex, body mass, and stature as independent variables and
muscle deformity as a dependent variable. Significance tests were
2-tailed, and a was set at 0.05.
In a final step, we explored the relationships between
muscles bellies within each sex group. Within each sex,
paired t-tests were used to assess deformity differences
between multiple pairs of muscle bellies and 99% CIs were
calculated. To reduce the probability of getting false posi-
tives, we increased the acceptance level from 0.05 to 0.01 for
these tests because multiple comparisons were made on the
same data set.
RESULTS
Sex Differences in Individual Muscle Bellies
Deformity measurements for each muscle belly are listed in
Table 1. The unadjusted analyses showed that 2 of the 5
muscle bellies (BF and RF) had a mean MS that was signif-
icantly different in the 2 sex groups. Females had a higher
Dm than males in these 2 bellies. Thus, BF and RF from
females had 34.53 and 18.94% greater mean deformity,
respectively. However, when comparisons were made with
the mean values adjusted for body mass and stature, only RF
had significant sex differences.
Patterns of Relationship Between Muscle Bellies
Table 2 outlines multiple deformity mean 6 SD differences
from paired muscle bellies within and between HM and QF
muscle groups. Comparisons within HM bellies show that
the mean muscle deformity of ST was significantly higher
than BF in both females (3.02 mm) and males (4.28 mm).
Within QF, RF deformity was also significantly higher than
VL and VM in females (6.50 and 7.38 mm, respectively) and
males (4.87 and 4.82 mm, respectively), but there were no
differences between vastus muscles.
Comparisons between muscle bellies of HM and QF show
similar patterns of deformity relationships between sex
TABLE 1. Maximal radial deformation of each of the 5 muscles by sex and differences between groups.*†
Muscle
Females Males Sex differences (females 2 males)
Mean 6 SD 95% CI Mean 6 SD 95% CI
Mean (95% CI); effect sizez
Unadjusted Adjusted§
BF 8.98 6 2.97 7.55/10.42 6.66 6 3.75 4.91/8.42 2.3 (0.14/4.43); 0.68k 0.52 (22.71/3.74)
ST 11.96 6 3.23 10.40/13.52 10.95 6 2.63 9.72/12.18 1.03 (20.8/2.87); 0.34 21.72 (24.67/1.22)
RF 11.67 6 1.74 11.07/12.62 9.82 6 2.01 8.88/10.76 1.86 (0.65/3.06); 0.98¶ 2.07 (0.08/4.06)k
VL 5.18 6 1.63 4.39/5.97 4.95 6 1.66 4.17/5.73 0.23 (20.81/1.26); 0.14 0.13 (21.53/1.79)
VM 4.47 6 1.00 3.99/4.95 5.00 6 1.34 4.37/5.62 20.52 (21.29/0.24); 20.44 0.60 (20.59/1.79)
*CI = confidence interval; BF = biceps femoris; ST = semitendinosus; RF = rectus femoris; VL = vastus lateralis; VM = vastus
medialis.
†All values in mm.
zEffect size was estimated with Cohen’s d only for the unadjusted model.
§Adjusted by body mass and stature.
kSignificant differences at p , 0.05.
¶Significant differences at p , 0.01.
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groups, except between BF and vastus muscles. Thus, while
the female BF had a significantly higher deformity than VL
(3.78 mm) and VM (4.51 mm), the male BF did not.
Common patterns were mean muscle deformity of ST and
RF was significantly higher than vastus and BF, respectively.
DISCUSSION
Our study examined sex differences in the MS of 5 muscle
bellies of the thigh, 2 for the HM and 3 for the QF. We found
that females are less rigid in RF, but no statistically
significant differences were found for ST, VL, VM, or BF,
especially when data were adjusted by anthropometric
variables (body mass and stature). In addition, our study
evidenced a similar pattern between muscle bellies in males
and females, having a greater MS in the vastus compared
with the RF, ST, and BF. However, females showed a more
pronounced difference in MS between the BF and the vastus
than males.
To the best of our knowledge, our study is the first to
adjust MS comparisons between HM and QF bellies for
body mass and stature. Most previous studies using either
global or analytical measurements of HM and QF (14,31)
did not adjust their results based on anthropometric data.
There are few studies using global measurements that have
considered anthropometric variables in MS differences
between sexes. Those which did consider them evaluated
MS dynamically, either with the applied moment in HM
(product of system mass and shank segment length) (4,5)
or considering body mass in functional tasks in the leg as
a single element (15).
Comparisons of the MS of BF between sex groups show
different results between adjusted and unadjusted analyses,
with there being no differences when taking into account the
anthropometric data. In addition, BF and ST show lower MS
differences between sexes in the adjusted analyses than in
the nonadjusted ones. Those findings are expected, given
previous studies (4,5,14) that showed that differences in MS
of HM between sexes disappear when considering body
mass. The finding of sex differences for the RF after adjusting
for body mass and stature suggests that its MS is less depen-
dent on anthropometric characteristics. Given the high influ-
ence that RF has on the joint, this lower MS in females could
be a potential risk factor for knee injury.
The unadjusted differences between sex groups for BF and
RF are consistent with previous studies because females have
lower stiffness than males (14,26,31). Even so, it was an
unexpected finding that only BF and RF show differences,
and not the rest of the bellies. Previous authors (30) obtained
differences in the MS of VL between sexes, using VL as
a representative muscle of the QF and Myoton-3 as evalua-
tion tool. Thus, although both techniques (Myoton-3 and
TMG) have proved valid for studying changes in MS (10),
the different methodology used may explain the differences.
Therefore, because Myoton-3 is applied to a muscle at rest
and TMG causes a voluntary contraction to measure MS, we
believe it is appropriate to normalize their values by a mor-
phological property of the muscle (e.g., cross-sectional area)
to compare results between the 2 techniques.
Patterns of differences among the bellies within HM
and within QF were similar between females and males.
TABLE 2. Maximal radial deformation differences between paired muscle bellies for each sex group.*†
Females Males
Mean 6 SD 99% CI Effect size Mean 6 SD 99% CI Effect size
Within hamstrings
ST–BF 3.02 6 3.32z 0.89/5.14 0.96 4.28 6 3.85z 1.82/6.75 1.32
Within quadriceps
RF–VL 6.50 6 2.08z 5.17/7.83 3.85 4.87 6 2.42z 3.32/6.42 2.64
RF–VM 7.38 6 1.93z 6.10/8.65 5.07 4.82 6 2.20z 3.41/6.23 2.82
VL–VM 0.71 6 1.58 20.35/1.76 0.52 20.04 6 1.96 21.30/21.20 20.03
Between hamstring and
quadriceps bellies
ST–RF 0.29 6 3.24 21.78/2.36 0.11 1.12 6 3.32 21.01/1.20 0.48
ST–VL 6.79 6 3.00z 4.87/8.72 2.65 5.99 6 3.25z 3.92/8.07 2.73
ST–VM 7.49 6 2.99z 5.51/9.47 3.13 5.95 6 3.21z 3.89/8.00 2.85
BF–RF 22.72 6 3.34z 24.86/20.59 21.10 23.16 6 3.83z 25.61/20.71 21.05
BF–VL 3.78 6 3.45z 1.57/5.98 1.58 1.71 6 3.94 20.81/4.22 0.59
BF–VM 4.51 6 2.75z 2.69/6.33 2.03 1.66 6 4.42 21.16/4.49 0.59
*CI = confidence interval; ST = semitendinosus; BF = biceps femoris; RF = rectus femoris; VL = vastus lateralis; VM = vastus
medialis.
†All values in mm.
zSignificant differences between paired muscle bellies at p , 0.01.
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Thus, BF and the vastus (VL and VM) have higher MS
than STand RF, respectively. Because each muscular belly
has its own structure and function, the characteristic
morphology of each could explain these patterns. On
the one hand, within the HM, the shorter length of the
muscle fibers of the long head of the BF, which has
a hemipennate architecture, compared with the ST (with
a fusiform architecture), could explain the presence of
these differences between them (19). On the other hand,
within the QF, the vastus muscles have a higher amount of
connective tissue because they have aponeurotic connec-
tions with other muscles (16), and this could lead to an
increase in their MS.
Our pattern for males among all 5 bellies was similar to
that obtained by other authors (12). They also found that the
vastus muscles were more rigid than other bellies (BF and
RF). However, in females, the authors did not obtain differ-
ences between bellies. This difference with respect to our
study could be attributed to the influence of physical exercise
and strength on stiffness (15) because their sample was com-
posed of elite volleyball players, with the specific work of the
thigh that this entails.
To the best of our knowledge, no previous studies have
analyzed MS sex differences in both isolated muscle bellies
and the patterns between them. Furthermore, the use of
a standardized measuring technique and objective measure-
ments that allow for comparisons with other studies could
be considered strengths of the study.
Our study had several limitations. We used a technique
that measures deformity and used this as an indirect
indicator of stiffness, although this technique has been
previously used for this, being accepted as a tool to measure
stiffness (10). Although anthropometric data were regarded
in MS comparisons between sexes, we believe that normal-
ization by the characteristics of each individual muscle
would be more appropriate, given their varied morphology.
Thus, future research should normalize MS values using
mass, volume, or cross-sectional area of each muscle or,
alternatively, regarding length of the segments (e.g., femur).
In addition, we did not control the menstrual cycle in fe-
males and, although the effects of menstruation on MS are
controversial (6), the amount of estrogen does seem to affect
it (11).
PRACTICAL APPLICATIONS
This study on MS of the thigh in recreational athletes
revealed that males and females showed a similar pattern
between muscle bellies, having a greater MS in the vastus
compared with RF and in the BF compared with ST. Thus,
our study suggests that BF will provide greater resistance to
elongation than ST, particularly in males, being able to
contribute to the countering of tibial anterior displacement
to a greater degree. Therefore, this finding may help to guide
MS-building exercises and direct them to specific muscle
bellies.
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Abstract
Martı́n-San Agustı́n, R, Medina-Mirapeix, F, Alakhdar, Y, and Benı́tez-Martı́nez, JC. Sex differences in the velocity of muscle con-
traction of the hamstring and quadriceps among recreationally active young adults. J Strength CondRes XX(X): 000–000, 2019—This
study determines sex differences in the velocity of contraction (VC) of 5 isolated muscles (biceps femoris, semitendinosus, rectus
femoris, vastusmedialis, and vastus lateralis) and in the relationships between them. Thirty-six female and 34male recreationally active
young adults participated in thestudy. The VCwasmeasured by tensiomyographyusing normalized response velocity (Vrn) to perform
comparisons. Sex comparisons were adjusted by height and mass. The study of relationships was carried out by comparing and
calculating means and ratios. Sex differenceswere observed in the VCof rectus femoris (meandifference5 6.20mm·s21; p, 0.001).
Conversely, the biceps femoris only showed sex differences in the unadjusted analysis (mean difference5 6.66 mm·s21; p5 0.002;
d 5 0.73. Both sexes showed lower VC values of the hamstring with respect to the quadriceps. Female participants showed
differences greater than 15% relative to male participants between biceps femoris and quadriceps ratios and in ratios in the hamstring.
Thus, our findings in the VC ratios indicate different mechanical contractile properties between sexes in the relations between the
hamstring and quadriceps. Our analysis of the VC at thesemuscles supposes a new possibility to establish the relationships between
knee agonists and antagonists, which allow monitoring the changes in the balance of the VC among the muscle groups.
KeyWords: velocity of contraction, tensiomyography, knee ratio, muscular properties
Introduction
Epidemiologic studies have consistently demonstrated that female
individuals have an increased risk of lower limb musculoskeletal
sports-related injuries compared with male individuals (26) and
also that the incidence of anterior cruciate ligament (ACL) injuries
in female individuals is 2.1 greater compared with male individ-
uals, given the same time of exposure and adjusted to the type of
sport (6,14,19). Because hamstring forces act as synergists of the
ACL against the anterior displacement of the tibia (10,27), sex
differences in the balance of muscular activation (17), strength
(16,18), stiffness (7), and the velocity of contraction (VC) (30)
between the hamstring and quadriceps have been suggested as the
reasons for differential rates of incidence of ACL injury (21).
Studies analyzing sex differences in the relationship between
the hamstring and quadriceps regarding strength (16) and muscle
activation (11) have evidenced that the hamstring has sub-
stantially lower strength and muscle activation than the quadri-
ceps and that this difference is more pronounced in female
individuals. Thus, the hamstring/quadriceps ratio in female
individuals is lower than that in male individuals when this is
described using isokinetic strength (51.0 vs. 81.4%) at high knee
flexion/extension angular velocities (approaching those that oc-
cur during sports activities) and EMG (38 vs. 55%) character-
istics. Studies analyzing sex differences in isolated muscles from
the hamstring and quadriceps have also been conducted in regard
tomuscle activation or the VC. These studies have shown that the
values from the hamstring are lower in both sexes in muscle ac-
tivation (ranging between 57 and 85%) and VC (ranging between
8 and 42%) than those from the quadriceps (1,11,30) and that
female individuals also have more pronounced differences than
male individuals (11,30), especially between biceps femoris and
quadriceps.
Most studies on the differences between theVChave been done
previously (29,30) using tensiomyography (TMG). Tensio-
myography serves as a noninvasivemethod that can assess the VC
of superficial muscles when activated by an electrical stimulus of
controlled intensity (29). The analysis of the radial VC produced
by an isolated stimulation allows to compare the mechanical
contractile properties of different muscles and to observe whether
a certain functional demand alters their relationships (29). These
studies analyzed and compared the patterns of the VC between
biceps femoris and quadriceps (rectus femoris, vastus lateralis,
and vastus medialis) in both male and female elite volleyball
players (30) and identified sex differences in the VC of some of
these muscles (29). However, to date, it remains unknown
whether their relevant results are equivalent in nonspecific sport
populations (i.e., recreationally active young adults). Moreover,
because the study of VC differences between the quadriceps and
hamstring has been explored only with the biceps femoris, it still
remains uncompleted and not enough known. Similarly, the
comparison of the hamstring/quadriceps ratio between male and
female individuals remains largely untested.
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To investigate these issues, we examined the VC of 5 isolated
muscles using TMG from the hamstring (biceps femoris and
semitendinosus) and the quadriceps (rectus femoris, vastus
medialis, and vastus lateralis) in female and male recreationally
active young adults. This study determines sex differences in the
VC of 5 isolated muscles and in the relationships of them. We
hypothesized that female individuals have a lower ratio between
the hamstring and quadriceps than male individuals.
Methods
Experimental Approach to the Problem
A single day of testing was used to measure the VC of the ham-
string and quadriceps in both female and male individuals, to
compare the VC between the pairs of agonist and/or antagonist
muscles, and to examine sex differences in both isolated muscles
and their relationships.
Subjects
Thirty-six female individuals (mean age: 21.162.3 years; bodymass:
55.965.9kg; stature: 164.865.9 cm;weeklyphysical activity: 224.3
6 128.8 minutes) and 34 male individuals (mean age: 21.6 6 2.4
years; body mass: 75.8 6 10.4 kg; stature: 179.5 6 7.4 cm; weekly
physical activity: 289.2 6 166.6 minutes) who were recreationally
active (engaging in 1–5 hours of moderate physical activity 3–4 days
per week) (4) were evaluated; all of them were volunteers from the
University ofValencia. Subject characteristicsweremeasured standard
deviation. All participants practiced recreational sports such as run-
ning, swimming, cycling, or general strength training. The specific
inclusioncriteriawere the following: (a) agedbetween18and30years,
(b) not surgically operated on the lower limb, (c) without pain in the
lower limb in the 2 months before data collection, (d) performing
physical exercise for a minimum of 3 days per week, and (e) able to
provide written informed consent. The exclusion criteria were the
following: (a) practicing a specific sport as an amateur or a pro-
fessional, (b) contraindication to the use of electrodes due to injury or
allergy to the adhesive, and (c) nontolerance to electrical stimulation.
Participantswere physiotherapy students recruited by email using
the University of Valencia Intranet. Before being included, they were
informed about the possible risks and benefits of the project and
signed their informed consent. The experimental protocol was ap-
proved by theEthics Committee of theUniversity of Valencia (Spain)
(H1485963491056). Before the measurements began, the protocol
followed was sent for approval to the Institutional Research Ethics
Committee for testing human participants. Data collection was
carried out in the clinical research laboratory of the Department of
Physiotherapy (University of Valencia).
Procedures
Participants were instructed before taking measurements to
comply with the following guidelines (28): (a) not to participate in
any strenuous exercise during the 48 hours before the test; (b) not
to consume energy drinks or supplements in the 48 hours before
the test; (c) not to consume caffeine or alcohol 3 hours before the
test, and (d) not to eat food 2 hours before the test.
First, with the participants at rest on a stretcher, the area for the
tests was shaved and cleaned with alcohol-soaked gauze; the
positions of the TMG sensor and the respective electrodes were
marked. The positioning of the sensor was determined following
the anatomic criteria used in previous studies (5,9,28,32,33), and
the position of the 2 self-adhesive electrodes was symmetrically
equidistant at a distance of 5 cm from the sensor, the anode
proximally and the cathode distally.
The measurement protocol measured the muscular radial de-
formation according to the procedure previously used by several
authors (2,3,24,25,28,31). The measurements were performed
after 5–8 minutes of the participant resting on the stretcher and
the usual joint angles to evaluate that musculature (12), in supine
position with the knee held at 120° of flexion (with 180° being
complete extension) for the quadriceps, and in prone position
with 150° of flexion for the hamstring, maintaining a fixed angle
with a triangular foam cushion (Figure 1). The muscular radial
deformation was measured perpendicular to the muscle with
a Trans-Tek Dc-Dc digital transducer (GK 40; Panoptik d.o.o.,
Ljubljana, Slovenia) at the positions previously marked.
Electrical stimulation on each muscle was performed with
a pulse of 1 ms and with an initial amplitude of 50 mA by the
application of a TMG-100 System (TMG-BMC doo, Ljubljana,
Slovenia), increasing progressively by 10 mA until there was no
increase in the maximal radial deformation (Dm) or until reach-
ing 110 mA. This maximum response typically was achieved
between 40 and 70 mA (20). Rest periods of 10 seconds were
given between consecutive measurements to minimize fatigue or
potentiation effects (23). Two measurements were performed per
muscle in the same session: the first one to verify the operation of
the TMG and the second to acquire data for the study.
As recommended, our protocol recorded the time in which
each muscular radial displacement occurred to calculate different
parameters of the VC (32,34). In all of them, our study used the
normalized response velocity (Vrn). This parameter relates the
radial displacement between 10 and 90%of the Dm of the muscle
(∆dr) and the increase in themuscular contraction time (∆tc) in this
displacement (equation 1). This is done by dividing equation 1 by
the Dm for each muscle (equation 2). The authors report that
(∆dr) is equal to 0.8 per Dm. Thus, the Vrn would be equal to 0.8
divided by the muscle contraction time (tc) between 10 and 90%
(equation 3).
Vr ¼ Ddr Dtc mm3 s21 : (1)
Vrn ¼ Vr Dm ¼ ðDdr=DtcÞ Dm mm3 s2 1 mm : (2)
Vrn ¼ 0:8 tc mm3 s2 1 : (3)
The authors propose the normalization of this increase over
time to compare the values obtained in different muscles (34).
Other studies also suggested that the calculation of the Vrnmakes
it possible to isolate the interference that can occur due to the
individual characteristics of each participant studied and also the
anatomic and functional differences in different muscles (29).
Statistical Analyses
Data were summarized as means (SD), and 95% confidence
intervals (CIs) were used for Vrn measurements. Variables were
checked for normality with the Shapiro-Wilk test and for ho-
mogeneity of variances with the Levene test.
To study sex differences in each muscle, unpaired t-tests or
Mann-Whitney U tests (if non-normally distributed data) were
used to compare Vrn mean differences between female and male
individuals. Cohen’s d was also calculated to evaluate the effect
size (d, 0.2: trivial, 0.2–0.5: small, 0.5–0.8: medium, and.0.8:
large) (8). Cohen’s d $ 0.5 was considered to be a practically
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important difference. Finally, we also compared the mean dif-
ferences adjusted by anthropometric variables (body mass and
height) by linear regression models using sex and anthropometric
measures as independent variables andmuscle Vrn as a dependent
variable. Significance tests were two-tailed, and awas set at 0.05.
In the next step, we explored Vrn mean differences in all
muscles for each sex group. Themean differences were compared
by examining their 95% CIs. The differences were regarded as
significant when CIs did not overlap. Based on these differences,
we established the patterns of relationship. These patterns were
then used to compare sex differences.
In the final step, to study sex differences in the relationships in
the muscles, we calculated mean ratios in the Vrn of muscle
paired, and unpaired t-tests or Mann-Whitney U tests were used
to compare those mean ratios between female and male individ-
uals. Significance tests were 2-tailed, and a was set at 0.05.
Results
Sex Differences in Isolated Muscles
The unadjusted analyses showed that only the biceps femoris had
a significant mean difference (p5 0.003; d5 0.73) between the 2
sex groups as shown in Table 1. The mean VC of the biceps
femoris was 6.66mm·s21 lower in female individuals than in male
individuals. However, when comparisons were made with the
means adjusted by anthropometric corrections, only the rectus
femoris presented differences (p , 0.001) between sexes. The
rectus femoris in female individuals was 6.20mm·s21 slower than
that in male individuals.
Sex Differences in Muscle Relationships
The CI comparisons between the hamstring and quadriceps within
each sex group show that both female and male individuals have
a similar pattern among the 5 muscles studied. These patterns are
shown in Figure 2. On the one hand, the Vrn of the hamstring was
significantly lower than that of the quadriceps in both sex groups
(ratios ranging from 38.1 to 63.3%). Nevertheless, female indi-
viduals showed a more pronounced difference in the VC between
biceps femoris and quadriceps (range: 18–26 mm·s21) than male
individuals (range: 13–19 mm·s21). On the other hand, no statis-
tical differences were found in each sex group in the muscle Vrn
within the hamstring or the quadriceps muscular groups.
The biceps femoris/semitendinosus ratio in the hamstring was
significantly higher (p, 0.016;d50.70) inmale individuals than
in female individuals (124.8 vs. 87.4%), as shown in Table 2. By
contrast, among synergist pairs of the quadriceps muscles, no
male-female differences were found and all ratios presented val-
ues close to 100%. Between agonist-antagonist muscle pairs from
the hamstring and quadriceps, there were significant sex differ-
ences only in the relationship between biceps femoris and quad-
riceps. The biceps femoris/rectus femoris (p , 0.045; d 5 0.64),
biceps femoris/vastus lateralis (p , 0.018; d 5 0.72), and biceps
femoris/vastus medialis (p 5 0.015; d 5 0.50) ratios were sig-
nificantly lower in female individuals than in male individuals
(17.9, 18.8, and 15.0%, respectively), representing a medium
effect size. Semitendinosus ratios with the quadriceps remained
close to 50% in both sexes.Only the ratios of the biceps femoris in
its relation with the other muscles showed sex differences greater
than 15%, as shown in Figure 3.
Discussion
In this study, we examined whether there are sex differences
among recreationally active young adults in the VC of both in-
dividual hamstring and quadriceps and also in the relationship
between their VC ratios. Two important findings emerged: first,
the rectus femoris in female individuals is slower than that inmale
individuals when data are adjusted by anthropometric variables,
and second, both male and female individuals have a similar
Figure 1. Measurement by tensiomyography of the rectus
femoris (A) and the biceps femoris (B).
Table 1
Vrn of the hamstring and quadriceps by sex and differences between sexes.*†
Muscle
Sex groups Sex differences (female individuals minus male individuals)
Mean; 95% CI (SD) Mean (95% CI); effect size ‡
Female individuals Male individuals Unadjusted Adjusted §
Biceps femoris 14.41; 13.06–15.76 (3.93) 21.03; 17.04–25.01 (11.43) 26.66 (210.69 to 22.64); 0.73║ 23.45 (29.88 to 2.67)
Semitendinosus 16.70; 16.03–17.38 (1.97) 16.91; 15.99–17.84 (2.65) 20.32 (21.45 to 0.81); 0.14 20.78 (22.60 to 1.04)
Rec-F 32.03; 30.66–33.41 (4.01) 34.19; 32.30–36.08 (5.42) 22.05 (24.32 to 0.20); 0.42 26.20 (29.59 to 22.80)║
Vastus lateralis 37.57; 36.06–39.08 (4.39) 37.81; 36.05–39.56 (5.02) 20.17 (22.40 to 2.06); 0.07 22.98 (26.43 to 0.47)
Vastus medialis 40.21; 37.37–43.06 (8.29) 40.01; 38.28–41.74 (4.96) 0.21 (23.09 to 3.50); 0.03 22.70 (27.95 to 2.54)
*Vrn 5 normalized response velocity; CI 5 confidence interval.
†All values in mm·s21.
‡Effect size was estimated with Cohen’s d only for the unadjusted model.
§Mean differences adjusted by body mass and height.
║Significant differences at p # 0.05.
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pattern among the VC of the quadriceps and hamstring. Overall,
the hamstring is slower than the quadriceps, but female individ-
uals showed a more pronounced difference in the VC between
biceps femoris and quadriceps than male individuals. As a con-
sequence, the ratios between the VC of biceps femoris and
quadriceps were lower in female individuals than in male indi-
viduals. By contrast, the ratios between the VC of semitendinosus
and quadriceps were similar.
The unadjusted analysis showed that the biceps femoris was
significantly slower in female individuals (6.66 mm·s21 difference)
than in male individuals. This finding is consistent with previous
studies (29).However, there are no differences in the biceps femoris
between female and male individuals when adjusted by anthro-
pometric variables. This finding is plausible because in other me-
chanical contractile properties, such as stiffness (6) or strength (13),
there are no differences in the hamstring between sexes when data
are normalized by body mass and height.
Previous research has reported greater normalized strength
(15) and normalized muscular activation during functional
tasks (11) of the quadriceps in female individuals compared with
male individuals. Because the VC in our study showed the op-
posite mechanical contractile properties, it became an un-
expected finding. Specifically, we found that the differences in
the VC of the quadriceps increased at least 100% of their un-
adjusted values after adjustment for body mass and height.
Thus, our finding evidences the need to take into account the
anthropometric characteristics when making comparisons be-
tween sexes. We believe that the potential reasons for this un-
expected finding could be highlighted through studies that
simultaneously measure strength, activation, and/or the VC in
both sexes. Thus, the next investigations delving into this issue
should compare these muscle properties and find out whether
their behaviors are similar when their differences are adjusted by
anthropometric data.
Figure 2. Scatterplot with means of the normalized response velocity (Vrn) of all muscles in each
sex group.
Table 2
Ratios‡ of the contraction velocity between the pairs of muscles.*
Pairs of muscles
Ratios (%) (95% CI) Sex differences (female individuals minus male individuals)
Female individuals Male individuals Mean difference (95% CI) Effect size
Between the hamstring and quadriceps
Biceps femoris/rectus femoris 45.6 (41.1–50.2) 63.3 (50.8–75.8) 217.9 (230.6 to 25.27)† 0.64
Biceps femoris/vastus lateralis 38.1 (34.9–42.7) 57.4 (45.7–69.0) 218.8 (230.5 to 27.0)† 0.72
Biceps femoris/vastus medialis 40.0 (31.9–48.1) 55.1 (42.8–67.3) 215.0 (229.4 to 20.7)† 0.50
Semitendinosus/rectus femoris 52.8 (50.0–55.6) 50.6 (46.9–54.3) 1.7 (22.9 to 6.3) 0.18
Semitendinosus/vastus lateralis 45.1 (42.4–47.8) 45.5 (42.4–48.3) 20.7 (24.6 to 3.2) 0.09
Semitendinosus/vastus medialis 47.3 (36.3–58.2) 42.9 (42.5–48.3) 4.3 (26.9 to 15.6) 0.18
Within the hamstrings
Biceps femoris/semitendinosus 87.4 (78.9–95.9) 124.8 (102.2–147.4) 237.1 (260.2 to 213.9)† 0.70
Within the quadriceps
Rectus femoris/vastus lateralis 86.27 (81.3–91.2) 90.8 (86.5–95.1) 24.5 (210.8 to 1.8) 0.33
Rectus femoris/vastus medialis 88.3 (71.6–104.9) 86.3 (81.0–91.6) 1.9 (215.4 to 19.3) 0.05
Vastus lateralis/vastus medialis 104.8 (82.9–126.7) 95.2 (90.9–99.5) 9.6 (212.6 to 31.8) 0.21
*CI 5 confidence interval.
†Significant differences at p , 0.05.
‡All ratios are expressed in percent.
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With respect to the relationship between the hamstring and
quadriceps, both sexes showed VC global differences between
both muscle groups, as it also happens with strength (16) and
activation (11), with lower values for the hamstring. Therefore,
our study supports that sex is a source of nonhomogeneous me-
chanical contractile properties between the hamstring and
quadriceps. Nevertheless, this study specifically added to this
debate that sex differences could also be different in the muscles.
Thus, it is evidenced that the VC of the biceps femoris in female
individuals, as opposed to the VC of the semitendinosus, showed
amore pronounced difference with the quadriceps in comparison
with male individuals. These sex differences between the biceps
femoris and quadriceps ratios (around 20%) were similar to
previously reported ratios for strength (16) and muscular acti-
vation (11). This study’s authors regarded these differences as one
of the influential factors in a greater risk of injury in female
individuals. Given that our level of VC differences is similar to
theirs, we also regard that the VC can be a relevant factor. Nev-
ertheless, we consider that new research should be conducted to
clarify the relationship between the VC and other similar con-
structs (e.g., muscle performance).
Our study also evidenced sex differences in the relationship
between the semitendinosus and biceps femoris. Whereas the bi-
ceps femoris was slower than the semitendinosus in female indi-
viduals, the biceps femoris was faster in male individuals. This
could indicate different performance percentages per sex in some
of their functions, such as tibia control. This consideration could
also be supported because the lower role in the VC of the biceps
femoris for female individuals also occurs in relation to its role in
othermuscular aspects apart from theVC. In this regard, previous
research had observed how the biceps femoris had less activity
pattern with respect to its main action direction than the semite-
ndinosus in female individuals compared with male individu-
als (22).
To our knowledge, no previous studies have calculated the VC
ratio for the relationship between the hamstring and quadriceps,
nor have they incorporated the semitendinosus in their sex
comparisons. Furthermore, our study is the first to adjust sex
differences in the VC by anthropometric data. Moreover, the use
of a standardized measuring technique and objective measure-
ments that allow for comparison with other studies could be
considered a strength of the study.
Our study had several limitations. First, according to previous
studies (29), we adjusted the differences between sexes by an-
thropometric measures but did not take into account other
measures, such as adiposity. In addition, adjustments for mor-
phologic properties of the muscle (e.g., cross-sectional area) could
be more appropriate. Second, we used a technique that measures
the VC by submaximal stimulated muscle activation and this
could limit inferences to performance capabilities and injury risk.
Nevertheless, it has been previously used by other authors (30)
who have reported it as a possible cause of joint instability. In
addition, being the first time that the VC ratios were obtained
using TMG, the mechanical contractile properties recorded are
limited to the characteristics of our sample. Therefore, it is un-
known whether the findings would be similar in other pop-
ulations or whether this ratio has validity as a predictor of the
performance or the risk of injury.
Practical Applications
Our study provides several research and clinical implications.
First, because the hamstrings and quadriceps showed imbal-
ances in both sexes (especially the biceps femoris with the
quadriceps in female individuals), these imbalances could be
an objective of interventions when attempting to reduce the
differences between the muscle groups. To monitor the
changes produced by these interventions, TMG can serve as
a tool for evaluation. Second, our study provides theVC ratios
as a new possibility to analyze the relationship at the muscle
level. Furthermore, as our ratios were established in healthy
young people, they can be used for comparison with other
nonhealthy populations.
Figure 3.Ratios of the velocity of contraction between the pairs ofmuscles by sex (only pairs with
differences higher than 15% are shown). *Significant differences at p , 0.05.
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ABSTRACT
Background. Fatigue influences athletic performance and can also increase the risk of
injury in sports, and most of the methods to evaluate it require an additional voluntary
effort. Tensiomyography (TMG), which uses electrical stimulation and a displacement
sensor to evaluate muscle contraction properties of one or more muscle bellies, has
emerged as a technique that can assess the presence of peripheral and central fatigue
without requiring additional voluntary efforts. However, the evaluation of the TMG’s
ability to detect fatigue is limited, both at the level of muscle bellies and statistical
methods. Thus, the aim of the present study was twofold: (i) to examine and compare
the tensiomyographical responsiveness to quadriceps femoris (QF) fatigue by multiple
statistical methods and (ii) to analyze sex differences in the variation produced by
fatigue in TMG parameters.
Methods. Thirty-nine recreational athletes participated (19 males/20 females; aged
22 ± 2 years). TMG parameters of QF bellies and maximal voluntary isometric con-
traction (MVIC) were measured before and after a fatigue protocol. TMG parameters
used were maximum radial deformation (Dm), contraction time between 10–90% of
the Dm (Tc), contraction velocity between 10–90% (Vc) and of the first 10% (V10)
of the Dm. Internal responsiveness of TMG to fatigue was analyzed by paired t-test
and standardized response mean (SRM). External responsiveness was examined by
correlations, regression models, and receiver operating characteristic (ROC) curves.
Results. All TMG parameters, except for Tc of rectus femoris and vastus medialis,
showed large internal responsiveness. In adjusted regression models by sex, only Dm
and V10 of rectus femoris were statistically associated (p< 0.05) with b coefficients of
0.40 and 0.43, respectively. r2 explained the 22% of the total variance. In addition, these
parameters could discriminate between QF with and without fatigue.
Conclusion. Since the QF is the main strength contributor during multiple physical
activities, clinicians and trainers will be able to discriminate the presence of fatigue and
the magnitude of changes in the QF strength by TMG evaluation.
Subjects Kinesiology, Orthopedics
Keywords Responsiveness, Tensiomyography, Fatigue, Quadriceps, Sex, Recreational athletes
INTRODUCTION
Fatigue is defined as a decline in muscular performance which produces a reduction
in strength and power generation (Ditroilo et al., 2011). It can be further explained by
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factors related to the central nervous system as changes at the spinal level (Gandevia,
2001) or by peripheral factors associated to the muscle, such as failure of transmission at
the neuromuscular junction (Allen, Lamb &Westerblad, 2008). Its manifestation can vary
in subjects with different training backgrounds (Garrandes et al., 2007), type of muscle
contraction performed (Kay et al., 2000), or even between sex (Albert et al., 2006; Martin
& Rattey, 2007; Ansdell et al., 2017).
Since fatigue influences athletic performance (Thorlund et al., 2008; Ditroilo et al., 2011)
and can also increase the risk of injury in sports (Zebis et al., 2011;Liederbach et al., 2014), its
study has been of interest. Multiple methods have been used to induce fatigue, both central
fatigue in several muscle groups or peripheral fatigue in a specific muscle (García-Manso
et al., 2011; Hunter et al., 2012; Macgregor et al., 2016; Wiewelhove et al., 2017; Wiewelhove
et al., 2018). Thus, fatigue has been evaluated after short term (Macgregor et al., 2016;
Abelairas-Gómez et al., 2018) and long duration efforts, such as several days of intense
training sessions (Wiewelhove et al., 2017), and also after isolated long sessions (2–12 h
approximately) (Lepers et al., 2002; García-Manso et al., 2011; Wiewelhove et al., 2018).
The most used fatigue evaluation methods have been based on changes in maximal
voluntary isometric contractions (MVICs) (Lepers et al., 2002; Zebis et al., 2011) ,
muscle activation (Garrandes et al., 2007; Thorlund et al., 2008), kinematics and kinetics
measurements (Liederbach et al., 2014; Tam et al., 2017), biochemical markers (Gorostiaga
et al., 2012), or muscular contractile properties (García-Manso et al., 2011;De Paula Simola
et al., 2016). In a situation of fatigue, most of these methods would require an additional
voluntary effort. Their application therefore would not be practical or safe facing the
possible presence of central inhibition (Graven-Nielsen et al., 2002), or the possibility of
increase any extant muscular damage (Macgregor et al., 2016).
Tensiomyography (TMG), which uses electrical stimulation and a displacement sensor
to evaluate muscle contraction properties of one or more muscle bellies (Valencic &
Knez, 1997), has emerged as a technique that can assess the presence of peripheral and
central fatigue without requiring additional voluntary efforts (García-Manso et al., 2011;
De Paula Simola et al., 2016). Peripheral fatigue has been evaluated by TMG for specific
muscle group from both lower and upper limbs (Carrasco et al., 2011; Hunter et al., 2012;
García-Manso et al., 2012; Macgregor et al., 2016). In contrast, central fatigue has been
evaluated only in the lower limb, being quadriceps femoris (QF) the most studied muscle
group (García-Manso et al., 2011;De Paula Simola et al., 2015;De Paula Simola et al., 2016;
Giovanelli et al., 2016; Raeder et al., 2016;Wiewelhove et al., 2017).
Responsiveness is defined as the ability of a tool to detect important clinical changes
over time (Guyatt et al., 1989). Since this characteristic is essential to assess fatigue by
TMG, it has been analyzed by multiple studies (García-Manso et al., 2011; Hunter et al.,
2012; De Paula Simola et al., 2015; De Paula Simola et al., 2016; Giovanelli et al., 2016;
Macgregor et al., 2016; Raeder et al., 2016; Wiewelhove et al., 2017; Abelairas-Gómez et
al., 2018). Most of these studies evaluated one muscle belly and they used one or two
statistical methods of either internal responsiveness (e.g., paired t -test and effect size)
or external responsiveness (correlation with reference measure or regression models)
Internal responsiveness is the ability of a measure to change over a set period and external
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responsiveness reflects the extent to which changes in a measure over a specified time
frame related to corresponding changes in an external reference measure of health status
(Husted et al., 2000). Overall, TMG of those evaluated muscle bellies has shown to be
internally and externally responsive in assessing central fatigue (García-Manso et al., 2011;
De Paula Simola et al., 2015; De Paula Simola et al., 2016; Giovanelli et al., 2016; Raeder et
al., 2016; Wiewelhove et al., 2017), and internally responsive to peripheral fatigue (Hunter
et al., 2012; García-Manso et al., 2012; Macgregor et al., 2016; Abelairas-Gómez et al., 2018).
However, to the best of our knowledge, the external responsiveness of TMG has not
been yet assessed for peripheral fatigue, and therefore comparisons between internal and
external responsiveness has not been established. Furthermore, to our knowledge, TMG
responsiveness has not been simultaneously evaluated in multiple bellies, neither analyzed
by by multiple statistical indicators of responsiveness. At the same time, understanding the
mechanisms behind the changes in TMG parameters caused by fatigue in both sexes, is
also an area of research that needs further development.
Therefore, the primary objective of our study was to examine and compare the
responsiveness of TMG parameters to QF peripheral fatigue of three muscle bellies (rectus
femoris (RF), vastus lateralis (VL), and vastus medialis (VM)) by multiple statistical
methods. A secondary objective was to examine whether there are differences between sex
in the variation produced by fatigue in TMG parameters. Our hypotheses were: QF bellies
have different responsiveness to peripheral fatigue; and the changes of TMG parameters
are similar between males and females.
MATERIALS & METHODS
Study design
A single group pretest-posttest design was used, which involved repeated TMG and MVIC
measures of the dominant lower limb QF before and after a fatigue protocol within
the same session. Participants were physiotherapy students recruited by email using
the University of Valencia Intranet. This study was conducted from April to July 2018.
All measurements were carried out between 10 a.m. and 2 p.m in the clinical research
laboratory of the Department of Physiotherapy (University of Valencia) at an ambient
temperature 21–22 ◦C. An experienced examiner in the measurement techniques evaluated
the participants. He was a physiotherapist who had used TMG and hand dynamometers
both in research and in clinical practice for several years. Before participation, participants
were informed of the study procedures and their possible associated risks. All of them
provided written informed consent. This study was completed following the principles
outlined in the Declaration of Helsinki and it was approved by the Ethics Committee of
the University of Valencia (Spain) (H1523633864087).
Participants
Thirty-nine recreational athletes were evaluated. All participants performed exercise 3
times per week and practiced activities such as running, swimming, cycling, or central
strength training. The specific inclusion criteria were: (a) aged between 18 and 30 years,
(b) not surgically

























Figure 1 Schematic representation of experimental procedures. TMG, tensiomyography; MVIC, maxi-
mal voluntary isometric contraction.
Full-size DOI: 10.7717/peerj.8674/fig-1
operated on the lower limb, (c) without pain in the lower limb in the 2 months before
data collection, and (d) performing physical exercise a minimum of 3 days per week. The
exclusion criteria were: (a) practicing a specific sport as an amateur or professional, (b)
contraindication to the use of electrodes due to injury or allergy to the adhesive, and (c)
nontolerance to electrical stimulation.
Procedures
Before starting the session, height wasmeasured using a 1-millimeter sensitivity flexible tape
measure, while body mass and body mass index (BMI) were assessed using a standardized
body composition analyzer (Tanita BC 418 MA, Tanita Corp, Tokyo, Japan). Next, TMG
parameters were measured and then, participants performed a warm-up, which consisted
of 10 min cycling at comfortable speed (80 revolutions per minute) with low resistance and
the performance of three submaximal isometric contractions of isometric knee extension
(Martins et al., 2017). Following this, the MVIC test was performed. After the fatigue
protocol, the order of the tests was reversed, and the strength test was performed first to
reduce the time betweenMVIC and TMG tests in acute fatigue. A schematic representation
of the experimental procedures is reported in the Fig. 1.
Tensiomyography measurements
First, participants were placed supine and resting on the stretcher. The knee was placed at
120◦ of flexion (considering full extension at 180◦), fixing such position with a triangular
foam cushion (García-García et al., 2016; Martín-San Agustín et al., 2020). The area where
the TMG sensor and electrodes were placed was shaved and cleaned with gauze and alcohol.
The position of the sensor for each QF belly was determined using the anatomical criteria
described in the literature (Dahmane et al., 2005; Tous-Fajardo et al., 2010; Rey, Lago-Peñas
& Lago-Ballesteros, 2012). This position was marked with a permanent marker so that
it would remain throughout the evaluation. The sensor was finally placed on this point
perpendicularly to the thigh and the electrodes were placed at five cm distance from it,
forming an imaginary straight line along the belly (Fig. 2).
The contractile properties of each belly were evaluated during an maximal elicited
contractions with the TMG electro stimulator (TMG-100 System). Starting from 20 mA
Martín-San Agustín et al. (2020), PeerJ, DOI 10.7717/peerj.8674 4/19
Figure 2 Tensiomyographical measurement of rectus femoris. Photo credit: Rodrigo Martín-San
Agustín.
Full-size DOI: 10.7717/peerj.8674/fig-2
with 1ms pulses, each stimulation was increased by 10mA until achieving the maximum
radial deformation (Dm) of the muscular belly. A time of 10s was left between stimuli
to minimize fatigue or potentiation effects (Krizaj, Simunic & Zagar, 2008). Before data
acquisition, a pilot test was done to verify the functioning of the TMG. For each belly,
spatial and temporal parameters were measured: Dm, contraction time between 10 and
90% of the Dm (Tc), contraction velocity between 10 and 90% of the Dm (Vc), and
contraction velocity of the first 10% of the Dm (V10). TMG has proven to be a method
with a high relative [ICC for Dm (0.91–0.99), Tc (0.70–0.98), and VC > 0.95] and absolute
(low coefficient of variations for Dm, Tc, and VC) reliability (Martín-Rodríguez et al., 2017;
Lohr et al., 2018).
Maximal voluntary isometric contraction test
MVIC of the QF was measured by a MicroFET2 handheld dynamometer (Hoggan
Health Technologies Inc., Salt Lake City, UT). Participants were seated in an isokinetic
dynamometer (Prima Plus, Easytech, Italy) with their torso and hips tied so they were
stable, and with a 90◦ hip flexion. MVIC was evaluated in 90◦ knee flexion, considering
0◦ the complete extension (Fig. 3). MicroFET2 was fixed with a rigid belt perpendicular to
the ankle five cm above the malleoli, with a pad between the tibia and the dynamometer to
minimize the discomfort caused by the contact (Hansen et al., 2015).
After the warm-up, participants completed three MVIC for 5s, with a 60-second rest
after each repetition. Through verbal stimuli, participants were instructed to exert and
maintain the maximum effort during the session. MicroFET2 has proven to be a valid
method to measure the MVIC of the QF with an excellent inter-examiner reliability (ICC:
0.93, 95% CI [0.83–0.97]) and a minimal detectable change (MDC) of 14.1 N*m (95% CI
[9.23–22.01]) (Hansen et al., 2015).
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After performing the baseline measurements, participants were requested to implement
a protocol based on a 60s fatiguing isometric contraction at 70% MVC (Melchiorri &
Rainoldi, 2011). The experimental setup was the same as the one adopted during the MVIC
test. The handheld dynamometer, previously set at 70% MVIC, was used to display the
feedback (Melchiorri & Rainoldi, 2011). It was considered that the fatigue was achieved
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when the reduction of the MVIC was higher than the upper limit of the MDC reported in
a previous study (22.01 N*m) (Hansen et al., 2015).
Statistical analysis
Baseline data were summarized as means and standard deviations (SD) for continuous
variables and as absolute and relative frequencies for categorical variables. Variables were
checked for normality with the Kolmogorov–Smirnov test and homogeneity of variances
with Levene’s test. A summary was also provided for participants with and without fatigued
QF.
Paired t-tests were used to compare changes in the TMG parameters and MVIC within
each sex group. These changes were also compared between sex groups by using non-paired
t-tests.
Internal responsiveness was determined by the paired t -test and supplemented with an
effect size statistic, as recommended by Husted et al. (2000) [30]. To reduce the probability
of getting false positives, we increased the acceptance level from 0.05 to 0.01 for paired t -test
because multiple comparisons were made on the same data set. Of the current effect size
statistics we used the standardized responsemean (SRM), which provides an estimate of the
magnitude of change that is not influenced by sample size (Navarro-Pujalte et al., 2018). It
was calculated as (MeanFollowup _ MeanBaseline)/Standard deviationFollowup-Baseline
and the 95% confidence intervals were calculated using the bootstrapping estimation
method. Values of 0.20, 0.50, and 0.80 or higher have been proposed in the literature
(Husted et al., 2000) to represent small, moderate, and large responsiveness, respectively.
Besides, we calculated the percentage of participants that exceeded MDC. This statistic
examines the extent to which change score exceeds the amount of variability accounted by
measurement error (Pardasaney et al., 2012), which is calculated as SEMx1.96x
√
2, where
SEM is the standard error of measurement.
External responsiveness was determined by correlations, regression models, and receiver
operating characteristic (ROC) curves (Husted et al., 2000). The external criterion for
assessing the external responsiveness of the TMG tool was the magnitude of change in the
MVIC.
We assumed that: (i) changes in the external criterion (MVIC) in participants with
fatigue would be associated with changes in the TMG parameters; (ii) participants without
fatigue would have the smallest change in the TMG parameters (and therefore change in
these TMGparameters can be useful to classify participants’ QF as fatigued or not fatigued).
To test the first hypothesis, correlations and simple and multiple linear regression models
were used. In the regression models the explanatory variable was the change of each TMG
parameter while the response variable was the change in MVIC between before and after
protocols. Each model was controlled by sex, and comparisons were carried out between
the presence or absence of this control. Goodness-of-fit of the model was assessed by r2.
To test the second hypothesis, we calculated the area under the ROC curve (AUC), which
represents the probability that the measure of correctly classifying participants has (Husted
et al., 2000). An AUC >0.70 was used as a generic benchmark to consider acceptable its
discriminant ability (Menaspà, Sassi & Impellizzeri, 2010).
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For sample size calculation, we selected the multiple regression as the main statistic
of responsiveness because it allowed us to examine change relationships controlling by
a covariate relevant in our study (sex). Regarding this statistic, we used the usual rule of
thumb that 15 participants per predictor are needed for a reliable equation in multiple
regression models (Tabachnick & Fidell, 2007). We recruited a minimum of 30 participants
assuming a maximum of 2 explanatory variables (TMG parameter and sex). Statistical
significance was set at p< 0.05. All analyses were performed using the Statistical Package
for the Social Sciences software program (SPSS version 24.0; IBM SPSS, Chicago, IL, USA).
RESULTS
Participants’ characteristics
Baseline characteristics of participants are listed inTable 1. A total of 35 (89.7%) participants
achieved QF fatigue after the application of the fatigue protocol. They were 19 of 20 females
(95%) and 16 of 19 males (84.2%). Participants with and without fatigue showed no
significant differences (p> 0.05) in any of their baseline characteristics.
Changes associated with the fatigue protocol
Participants with peripheral fatigue (n= 35) had a significant decrease (31.5%) on their
MVIC after the fatigue protocol (from 203.3 N*m to 138.9 N*m). Table 2 shows that
both sex groups had a similar pattern of change: males reduced 30.8% and females 32.1%.
Table 2 also shows patterns of change by sex groups for TMG parameters of the RF, VL, and
VM. All these parameters, except for the Tc of the RF and VM, had significant differences
within but not between sex groups.
Figure 4 shows changes in TMG parameters for all participants with peripheral fatigue.
All parameters, except for Tc, showed a significant difference (p< 0.001) for the three
bellies of the QF. Dm’s decrease ranged from 18.22% to 21.65%; Vc decreased from 15.62
to 22.20%, and V10 decreased from 14.80% to 23.77%.
Internal and external responsiveness
Internal and external TMG responsiveness to fatigue of QF bellies is shown in Table 3.
Internal responsiveness statistics suggest that all TMG parameters, except for Tc of RF
and VM, showed large internal responsiveness (SRM > 0.8) among participants with
QF fatigue. Dm and V10 in RF were the parameters in which most of the participants
exceeded the MCD (91.3% and 97.1%, respectively). Only Dm, Vc, and V10 of the RF
showed to be linearly associated with changes in the MVIC. After controlling by sex,
adjusted models typically provided b coefficients and r2 with small variations regarding
their respective unadjusted model (range 0.01 to 0.05). Consequently, Dm and V10 of RF
were still statistically associated with b coefficients of 0.40 and 0.43, respectively. Moreover,
the models of these parameters explained the 22% of the total variance.
The AUC analysis suggests that changes of several TM G parameters (Dm in RF and VL,
Tc in VL, and V10 in RF and VM) were >0.70 and could discriminate between QF with
and without fatigue. Also, the overlapping among their 95% CI suggests that none of these
TMG parameters is superior to the others to discriminate fatigue.
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Table 1 Baseline characteristics of the participants in total and separated by fatigued condition.
Baseline Characteristics Total (n= 39) Fatigued participants (n= 35) Non-fatigued participants (n= 4)
Males/females, N (%) 19 (48.7%)/20 (51.3%) 16 (45.7%)/19 (54.3%) 3 (75%)/1 (25%)
Age (years) 22 (2) 22 (2) 21 (1)
Physical activity (minutes) 316.5 (180.8) 314.6 (186.7) 332.5 (136.9)
Anthropometric
Body mass (kg) 67.37 (13.42) 66.10 (11.12) 78.55 (12.05)
Stature (cm) 173.3 (9.50) 172.5 (9.09) 180.7 (11.24)
BMI (kg/m2) 22.22 (2.72) 22.02 (2.71) 24 (2.53)
QF strength
MVIC (N*m) 207.56 (74.19) 203.31 (75.82) 244.72 (50.24)
Tensiomyography parameters
Rectus femoris
Dm (mm) 10.26 (1.42) 10.32 (1.44) 9.76 (1.28)
Tc (ms) 25.45 (4.04) 25.69 (3.95) 23.39 (4.84)
Vc (mm/s) 327.96 (58.59) 326.62 (69.76) 339.70 (53.04)
V10 (mm/s) 43.07 (5.32) 43.08 (5.39) 42.93 (5.33)
Vastus lateralis
Dm (mm) 5.74 (1.11) 5.63 (0.94) 6.64 (2.04)
Tc (ms) 21.37 (3.02) 21.54 (3.11) 19.87 (1.35)
Vc (mm/s) 217.78 (50.10) 211.58 (39.81) 271.95 (97.28)
V10 (mm/s) 25.31 (5.18) 24.73 (4.21) 30.46 (9.98)
Vastus medialis
Dm (mm) 4.57 (0.85) 4.52 (0.64) 5.08 (2.01)
Tc (ms) 19.60 (1.82) 19.61 (1.90) 19.48 (1.04)
Vc (mm/s) 187.22 (33.12) 185.08 (26.57) 205.93 (73.31)
V10 (mm/s) 23.22 (4.03) 22.97 (2.89) 25.37 (10.19)
Notes.
Date represents mean and standard deviation unless otherwise noted.
BMI, body mass index; Dm, maximal radial displacement; Tc, contraction time; Vc, contraction velocity between 10–90% of the Dm; V10, contraction velocity of the first
10% of the Dm; QF, quadriceps femoris; MVIC, maximal voluntary isometric contraction.
DISCUSSION
To our knowledge, this is the first study to evaluate the internal and external TMG
responsiveness across a variety of QF muscle bellies to changes induced by peripheral
fatigue. We found that TMG parameters Dm and V10 of the RF showed both internal and
external responsiveness.
In our study, multiple statistical methods to evaluate the internal responsiveness (paired
t -test and SRM) and external responsiveness (correlations, regression models and ROC)
of the TMG were used, which is line with the recommendations of Husted et al. (2000). In
previous studies, most of these statistics have been used to evaluate only the TMG ability of
change to fatigue (García-Manso et al., 2011;De Paula Simola et al., 2015). Thus, to the best
of our knowledge, this is the first study to use several statistical methods to assess internal
and external responsiveness. Furthermore, since most of the previous studies assessing
fatigue by TMG have only evaluated isolated muscle bellies (García-Manso et al., 2011;
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Table 2 Differences within and between sex groups in the TMG parameters andMVIC after fatigue protocol.
Muscle Males Females
Baseline Fatigued Differences Baseline Fatigued Differences
Mean (SD); p % Mean (SD); p %
QF strength
MVIC (N*m) 272.1 (51.0) 187.3 (40.1) 84.7 (37.8); <0.001 30.8 145.4 (30.7) 98.1 (24.4) 47.3 (22.3); <0.001 32.1
Rectus femoris
Dm (mm) 9.91 (1.66) 7.46 (1.87) 2.45 (1.27); <0.001 25.2 10.67 (1.16) 8.71 (1.76) 1.95 (1.13); <0.001 18.7
Tc (ms) 24.58 (4.25) 24.52 (6.37) 0.06 (3.28); 0.941 1.1 26.62 (3.52) 27.63 (5.43) −1.01 (4.42); 0.334 4.1
Vc (mm/s) 330.01 (78.95) 250.71 (66.81) 79.30 (48.65); <0.001 21.8 373.76 (39.15) 256.21 (51.02) 67.55 (42.26); <0.001 20.9
V10 (mm/s) 43.17 (6.55) 32.78 (7.72) 10.39 (5.35); <0.001 24.4 43.01 (4.37) 33.01 (5.13) 10.00 (4.20); <0.001 23.2
Vastus lateralis
Dm (mm) 5.47 (1.18) 4.48 (0.76) 0.99 (1.10); 0.003 20.5 5.78 (0.70) 4.10 (1.15) 1.68 (0.90); <0.001 29.5
Tc (ms) 21.69 (3.05) 19.93 (4.31) 1.76 (2.44); 0.011 8.6 21.42 (3.24) 19.04 (1.88) 2.38 (2.15); <0.001 10.4
Vc (mm/s) 203.67 (49.77) 179.33 (66.24) 24.35 (43.77); 0.042 12.8 218.24 (28.76) 170.24 (37.41) 48.00 (43.15); <0.001 20.9
V10 (mm/s) 24.28 (5.04) 20.46 (6.78) 3.82 (4.33); 0.003 17.3 25.10 (3.45) 18.65 (4.66) 6.45 (4.55); <0.001 25.3
Vastus medialis
Dm (mm) 4.69 (3.91) 3.91 (0.78) 0.78 (0.59); <0.001 16.3 4.37 (0.50) 3.51 (0.69) 0.86 (0.53); <0.001 19.8
Tc (ms) 20.25 (1.78) 19.96 (2.66) 0.28 (1.97); 0.573 1.4 19.07 (1.88) 18.26 (1.88) 0.81 (1.64); 0.045 3.9
Vc (mm/s) 186.06 (30.93) 159.90 (25.72) 29.16 (22.46); <0.001 14.9 184.26 (23.12) 153.76 (29.26) 30.50 (26.86); <0.001 16.2
V10 (mm/s) 23.76 (3.19) 21.09 (3.95) 2.67 (2.97); 0.003 11.2 22.31 (2.51) 18.33 (3.40) 3.98 (2.74); <0.001 17.8
Notes.
SD, standard deviation; Dm, maximal radial displacement; Tc, contraction time; Vc, contraction velocity between 10–90% of the Dm; V10, contraction velocity of the first 10% of the Dm; QF,








Figure 4 Differences in TMG parameters of quadriceps bellies between pre- and post-fatigue in all
participants. (A) Differences in Dm, (B) in Tc, (C) in VC, and (D) in V10. *Significant differences set at
p< 0.01; Specific p-values are shown in Table 3.
Full-size DOI: 10.7717/peerj.8674/fig-4
Hunter et al., 2012; De Paula Simola et al., 2015; De Paula Simola et al., 2016; Giovanelli
et al., 2016; Macgregor et al., 2016; Raeder et al., 2016; Wiewelhove et al., 2017), our study
presents novel findings in the evaluation of TMG across multiple muscle bellies.
Regarding the internal responsiveness, large and negative SRM of the TMG parameters
were found in most of the muscle bellies. Overall, our results are consistent with previous
studies that induced peripheral and central QF fatigue (i.e., selective QF fatigue or caused
in the entire lower limb musculature). Therefore, the reduction of RF TMG parameters is
consistent with previous studies using peripheral (Carrasco et al., 2011) or central fatigue
(De Paula Simola et al., 2015), finding them reductions in Dm, VC, or V10 after fatigue
due to cycling or strengthening. On the other hand, the changes in VL and VM are also
consistent with studies using central fatigue caused by strengthening programs (De Paula
Simola et al., 2016; Raeder et al., 2016). In addition, Dm results showed consistence with
other studies that induced peripheral fatigue in muscles such as the biceps brachii (Hunter
et al., 2012; García-Manso et al., 2012) or the gastrocnemius medialis (Macgregor et al.,
2016). These findings could be explained by changes in the pH (Hunter et al., 2009) and
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Table 3 Responsiveness statistics for the TMG parameters.
Internal responsiveness External responsiveness
Muscle Paired
t -test (p)








Dm (mm) 0.001 −1.83 (−2.31;−1.47) 91.3 0.42 (0.12; 0.65); 0.004 0.40 (0.14); 0.007 0.22 0.73 (0.57; 0.86)
Tc (ms) 0.439 0.13 (−0.24; 0.39) 15.9 0.10 (−0.22; 0.40); 0.276 0.14 (0.15); 0.363 0.06 0.62 (0.45; 0.77)
Vc (mm/s) 0.001 −1.65 (−1.98;−1.30) 79.7 0.33 (0.02; 0.58); 0.020 0.26 (0.13); 0.052 0.13 0.59 (0.42; 0.74)
V10 (mm/s) 0.001 −2.20 (−2.65;−1.78) 97.1 0.45 (0.15; 0.67); 0.002 0.43 (0.15); 0.006 0.22 0.73 (0.57; 0.86)
Vastus lateralis
Dm (mm) 0.001 −1.33 (−1.74;−0.82) 79.7 0.18 (−0.14; 0.47); 0.133 0.10 (0.12); 0.403 0.05 0.81 (0.65; 0.92)
Tc (ms) 0.001 −0.87 (−1.27;−0.41) 65.2 0.12 (−0.12; 0.48); 0.111 0.23 (0.19); 0.238 0.07 0.92 (0.79; 0.98)
Vc (mm/s) 0.001 −0.86 (−1.21;−0.46) 43.5 0.09 (−0.23; 0.39); 0.298 0.03 (0.11); 0.782 0.04 0.55 (0.39; 0.71)
V10 (mm/s) 0.001 −1.17 (−1.56;−0.71) 68.1 0.12 (−0.20; 0.42); 0.224 0.06 (0.12); 0.638 0.04 0.67 (0.50; 0.81)
Vastus medialis
Dm (mm) 0.001 −1.46 (−1.84;−1.07) 76.8 0.12 (−0.21; 0.42); 0.116 0.09 (0.20); 0.643 0.04 0.65 (0.48; 0.79)
Tc (ms) 0.069 −0.34 (−0.72; 0.02) 42 −0.14 (−0.43; 0.18); 0.200 −0.28 (0.28); 0.331 0.06 0.52 (0.36; 0.68)
Vc (mm/s) 0.001 −1.17 (−1.50;−0.79) 68.1 0.17 (−0.15; 0.46); 0.143 0.17 (0.19); 0.364 0.06 0.68 (0.52; 0.82)
V10 (mm/s) 0.001 −1.14 (−1.47;−0.76) 71 0.26 (−0.06; 0.53); 0.054 0.25 (0.19); 0.194 0.08 0.76 (0.60; 0.88)
Notes.
SRM, standardized response mean; CI, confidence interval; MCD, minimal detectable change; SE, standard error; AUC, area under curve; Dm, maximal radial displacement; Tc, contraction time;









in different cellular molecules (e.g., Na+ or K+) (Brody et al., 1991), which cause damage
in the sarcolemma and the reduction of the electrical stimulus, with a possible decrease in
muscle displacement.
This study showed that Dm and V10 of RF had an acceptable external responsiveness
in relation to our external criterion, namely changes in the strength evidenced by MVIC.
As reflected by the regression coefficients, there was a moderate relationship between the
amount of change in TMG parameters and strength scores. This relationship is consistent
with a previous study using central fatigue (De Paula Simola et al., 2015). Furthermore,
Dm and V10 were relevant according to sex, which can be explained by the fact that our
sample showed similar change magnitudes in both TMG parameters and strength scores.
The fatigue protocol used in this study was highly effective (most of the QF showed
fatigue). Males and females had similar strength change scores (Table 2). Previous studies
reported different strength change scores between sexes when intensities between 25–50%
of MVIC were used (Clark et al., 2005; Ansdell et al., 2017). In our study, an intensity of
70% of MVIC was used, suggesting that as the contraction intensity increase, the sex
differences in muscle fatigue decrease , (Hunter, 2014). Therefore, future investigations
should examine whether sex differences in strength changes are detected by sex differences
in the TMG changes.
Our present study also showed that TMG has discriminative ability to classify the
participants’ QF as having fatigue or not after the application of the protocol. Dm and V10
of the RF also were two of the four parameters with this discriminative ability. This finding is
partially consistent with previous studies (Wiewelhove et al., 2017), who examined AUC of
RF after central fatigue in elite young athletes. Nevertheless, while AUC values of V10 shown
in this study was similar to their results, AUC values of Dm was higher than previously
published (Wiewelhove et al., 2017). Differences may be explained by the different type of
fatigue (central fatigue caused by several training sessions of high-intensity interval training
vs peripheral fatigue by anMVIC test) or by the athletes’ training background (junior tennis
players vs recreational athletes). Other parameters with that discriminative ability were
Dm and Tc of VL, and V10 of VM. Since this ability was not previously analyzed in these
muscle bellies (VL and VM), results of the actual study supplements earlier findingswhich
have only evaluated AUC for external responsiveness of the TMG in RF (Wiewelhove et
al., 2017) and it provides evidence to expand the application of the TMG to discriminate
fatigue.
Actual study has several limitations. First, we used a fatigue protocol based on
MVIC, which induces peripheral fatigue. Therefore, our findings would be limited to
be extrapolated to others fatigue situations (e.g., concentric contractions). Second, our
study was conducted with recreational athletes (i.e., anyone participating in an aerobic or
athletic activity at least three times per week) (Heinert et al., 2008). Since the contractile
properties of the muscle are conditioned by the type of exercise performed (Loturco et al.,
2015), future research should compare our results with findings from athletes of different
sports.
Our study found that most of the TMG parameters showed an acceptable internal
responsiveness of QF peripheral fatigue evidenced by a reduction of the MVIC. In contrast,
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only Dm and V10 of RF showed external responsiveness. Therefore, our study illustrates
that the use of only internal or external responsiveness may lead to incomplete conclusions
(Husted et al., 2000). In this way, professionals should use both, as recommended byHusted
(Husted et al., 2000).
This study showed that Dm and V10 of RF measured by TMG were both internally and
externally responsive to changes between before and after a peripheral fatigue protocol.
Since the QF is the main strength contributor during cycling (Raasch et al., 1997) or
running (Montgomery, Pink & Perry, 1994), the fatigue evaluation after an effort is essential
to manage recovery of the athlete and the intensity of subsequent training sessions. Thus,
clinicians and trainers should be able to direct the fatigue evaluations without making new
efforts with TMG, taking into consideration Dm and V10 parameters in RF to discriminate
the presence of peripheral fatigue and the magnitude of the strength changes and, in this
way, be able to regulate training loads (e.g., in the presence of peripheral fatigue, decrease
intensity or activities that involve the QF).
CONCLUSIONS
According to the results, it can be concluded about positive responsiveness of the TMG in
peripheral fatigue of the QF, demonstrating that the Dm and V10 parameters of the RF
present acceptable responsiveness to fatigue. Therefore, by using the TMG, it is possible
to determine whether the QF shows peripheral fatigue or not, and to relate changes in the
parameters with the reduction of strength. Thus, clinicians and trainers should be able
to direct the fatigue evaluations without making new efforts with TMG, facilitating the
regulation of training loads. Finally, future studies should examine the responsiveness of
TMG to other types of fatigue and in other sports.
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